When fluctuating fields are confined between two surfaces, long-range forces arise. A famous example is the quantumelectrodynamical Casimir force that results from zero-point vacuum fluctuations confined between two conducting metal plates 1 . A thermodynamic analogue is the critical Casimir force: it acts between surfaces immersed in a binary liquid mixture close to its critical point and arises from the confinement of concentration fluctuations within the thin film of fluid separating the surfaces 2 . So far, all experimental evidence for the existence of this effect has been indirect 3-5 . Here we report the direct measurement of critical Casimir force between a single colloidal sphere and a flat silica surface immersed in a mixture of water and 2,6-lutidine near its critical point. We use total internal reflection microscopy to determine in situ the forces between the sphere and the surface, with femtonewton resolution 6 . Depending on whether the adsorption preferences of the sphere and the surface for water and 2,6-lutidine are identical or opposite, we measure attractive and repulsive forces, respectively, that agree quantitatively with theoretical predictions and exhibit exquisite dependence on the temperature of the system. We expect that these features of critical Casimir forces may result in novel uses of colloids as model systems.
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When fluctuating fields are confined between two surfaces, long-range forces arise. A famous example is the quantumelectrodynamical Casimir force that results from zero-point vacuum fluctuations confined between two conducting metal plates 1 . A thermodynamic analogue is the critical Casimir force: it acts between surfaces immersed in a binary liquid mixture close to its critical point and arises from the confinement of concentration fluctuations within the thin film of fluid separating the surfaces 2 . So far, all experimental evidence for the existence of this effect has been indirect [3] [4] [5] . Here we report the direct measurement of critical Casimir force between a single colloidal sphere and a flat silica surface immersed in a mixture of water and 2,6-lutidine near its critical point. We use total internal reflection microscopy to determine in situ the forces between the sphere and the surface, with femtonewton resolution 6 . Depending on whether the adsorption preferences of the sphere and the surface for water and 2,6-lutidine are identical or opposite, we measure attractive and repulsive forces, respectively, that agree quantitatively with theoretical predictions and exhibit exquisite dependence on the temperature of the system. We expect that these features of critical Casimir forces may result in novel uses of colloids as model systems.
The simple act of confining a fluid can give rise to new phenomena not observed in the bulk. An intriguing example is the critical Casimir force predicted to occur in binary fluid mixtures close to their critical point; like other critical phenomena, it is characterized by universal scaling functions that depend only on the internal symmetries of the system rather than on its specific material properties 7 . Colloidal particles suspended in binary liquids offer a particularly interesting setting for the experimental observations of such forces. At sufficiently small particle distances, concentration fluctuations of the solvent become confined between neighbouring colloidal surfaces and modify the pair interaction 8 . If the Casimir interaction strength is comparable to the thermal energy, drastic changes in the phase behaviour are expected. Reversible flocculation of silica colloids in water-2,6-lutidine mixtures close to the critical point has in fact been observed 9 , and critical Casimir forces may be invoked to explain this phenomenon. However, flocculation was observed even far away from the critical point where critical fluctuations are negligible, so it cannot serve as conclusive evidence for the presence of Casimir forces 10, 11 . Our experiments, aimed at directly measuring critical Casimir forces, use a single colloidal sphere and a planar surface immersed in a binary liquid mixture of water and 2,6-lutidine. Forces are determined using total internal reflection microscopy (TIRM, see Methods) 6 which allows in situ measurements with femtonewton resolution 12 ( Fig. 1) . The binary liquid mixture has a lower critical demixing point at T C > 307 K at a lutidine mass fraction of c C L~0 :286. At temperatures far below the temperatures corresponding to the demixing line, the binary mixture can be considered as an effectively homogeneous solvent and critical Casimir forces are absent. Under those conditions, the potential of the negatively charged colloidal particle at height z above the surface is given by electrostatic, gravitational and optical forces
where the amplitude of the electrostatic interaction A depends on the surface charges of the particle and the wall 6 , k 21 is the Debye screening length of the solvent, and G eff is the effective weight of the colloid due to gravity and light pressure from the optical tweezers. For all heights z sampled in our experiment, we see no evidence for dispersion forces. This is due to the rather small differences between the refractive indices n of the water-lutidine mixture (1.384) and the silica substrate (1.464).
Because critical Casimir forces depend strongly on the adsorption properties of the confining surfaces 7 , we used different combinations of particles and surfaces that preferentially adsorb either lutidine ('plus' boundary condition) or water ('minus' boundary condition). We used polystyrene particles 13 of diameter 2R 5 3.69 mm with a clear preference for lutidine, and highly charged polystyrene spheres of diameter 2.4 mm preferring water. Variation of the adsorption properties of the silica substrate is achieved by chemical treatment of its surface with either hexamethyldisilaxane (HMDS) or NaOH, resulting in a preferential adsorption for lutidine and water, respectively. colloidal particle undergoing thermal motion within an evanescent field of intensity I ev (z) scatters light, whose intensity I sc (z) is detected by a single photon counter. Lateral particle diffusion is suppressed by a vertically incident optical tweezer (l 5 532 nm, P > 2 mW). b, I sc versus time, reflecting particle motion normal to the surface. c, Measured interaction potential for a 2.4 mm polystyrene particle above a NaOH-treated silica surface ((--) boundary conditions) in a water-lutidine mixture at critical composition (black data points). The data points are well fitted by equation (1) (green line). The same data but with the linear contribution G eff z subtracted and shifted in vertical direction is also plotted (red data points). Figure 1c gives the interaction potential measured for a 2.4 mm particle above a NaOH-treated surface ((2 2) boundary conditions) in a water-lutidine mixture at critical composition and 0.3 K below T C . T C is determined as the temperature at which a characteristic change in the scattering intensity occurs upon slowly heating the system across the phase transition. The figure shows that our measured potential is accurately described by equation (1), with the fit yielding a value of k 21 <12 nm 6 3 nm (s.d.) for the Debye screening length that is in agreement with estimates based on the solvation constant of the mixture 14 . We note that the linear contribution to the interaction potentials (see equation (1)) is identical over the entire temperature range we investigated. For convenience, we have subtracted this contribution from all potentials shown in the remainder of the paper. Figure 2a shows the particle-wall interaction potentials upon approaching T C from below. Within the investigated temperature range, critical fluctuations of the fluid mixtures contribute only negligibly to background scattering and thus do not interfere with the measurements of interaction potentials. The data show that although the temperature varies by only 0.18 K, the approach to T C results in large changes to the measured potentials as a strong attractive force between particle and surface develops. In combination with electrostatic repulsion, the attractive force yields a potential well with a depth of almost 10 k B T. At the highest temperature, corresponding to DT 5 T C 2 T 5 0.12 K, this well is sufficiently deep that the particle hardly escapes from it during the entire measurement. The strong temperature dependence of the potentials close to the critical point is a clear indication of the involvement of critical Casimir forces. The maximum attractive force acting on the particle is estimated to about 600 fN. Considering the linear dependence of such forces on the particle size, this value is comparable to reported quantum-electrodynamical Casimir forces between a metallized colloidal sphere and a conducting flat surface 15 . Indirect experimental evidence has documented not only attractive but also repulsive critical Casimir forces in thin films of classical fluids 5, 16 , with the observations of one study 5 found to agree with subsequent theoretical predictions 17 . To observe repulsive critical Casimir forces in our system directly, the two surfaces confining the binary fluid mixture must preferentially adsorb different species of the mixture 7 ; that is, the boundary conditions for the particles and surface need to be 'plus-minus' or 'minus-plus': (1 2) or (2 1). In an experimental realization of (1 2) conditions we used 3.69 mm polystyrene particles and NaOH-treated substrate, with the interaction potentials measured for this system shown in Fig. 2b . As in the earlier experiment (Fig. 2a) , the interaction potential measured at temperatures far below T C consists only of electrostatic contributions. But in contrast to the behaviour seen in Fig. 2a , the repulsive part of the potential curves shifts towards larger z as the temperature approaches T C . This is in qualitative agreement with theoretical predictions 7 for repulsive critical Casimir forces in the case of asymmetric boundary conditions. Treatment of the substrate with HMDS restores symmetric boundary conditions with the 3.69 mm polystyrene particles, and the critical Casimir forces measured in this (1 1) system are indeed attractive (see Fig. 2c ).
To extract quantitative information about the critical Casimir potential W C (z,T), we focus on experimental data obtained at distances z that are sufficiently large to render electrostatic interactions negligible. This avoids possible complications due to electrostatic effects, given that it is not a priori clear whether critical fluctuations might affect the counterion distribution. Within the Derjaguin approximation, valid for z=R, W C is expected to scale at the critical concentration as WC kBT~R z q z j where q is a universal scaling function that depends on the boundary conditions. j is the bulk correlation length defined as j~j 0 1{ T TC {n , with the amplitude j 0 reflecting the typical length scale set by the intermolecular pair potential. n 5 0.63 is the universal critical exponent of the three-dimensional Ising universality class, relevant for classical binary mixtures. Within the Derjaguin approximation, the scaling function q can be calculated by expressing it in terms of the scaling function 17 and the resulting theoretical prediction for q(x) is presented in Fig. 2d .
The observation that q(x), and thus critical Casimir forces, can change sign depending on the boundary conditions of the system can be understood by considering that the preferences of the confining surfaces for one of the two species present in the fluid mixture impose additional constraints on concentration fluctuations. In the case of symmetric (1 1) or (2 2) boundary conditions, the fluctuation spectrum is further reduced by the confinement than in a system exhibiting no preferential adsorption; the reduction gives rise to strongly negative q(x) values: that is, strong attraction. In the case of asymmetric (1 2) and (2 1) boundary conditions, fluctuations in the concentration of opposing species originate at the two confining surfaces. At small particle-wall distances, these fluctuations interfere with the tendency of the system to generate concentration fluctuations on the length scale set by the correlation length of the fluid mixture. Confinement in systems with asymmetric boundary conditions thus renders the latter fluctuations energetically less favourable, and so repulsive forces occur.
Theoretical predictions for the interaction potentials arising from critical Casimir forces are shown as solid lines in Fig. 2a and b , and agree remarkably well with the experimental data. (The data in Fig. 2c cannot be compared reliably with theory because the z-range in which electrostatic contributions are negligible is too narrow.) The predictions use values for j(T) which are optimized to yield the best fits to the experimental data, and which are found to range from 20 to 100 nm. Comparing these j(T) values with the theoretically expected algebraic behaviour j~j 0 1{ T TC {0:63 and treating j 0 and T C as fitting parameters, we have obtained j 0 5 0.18 nm 6 0.02 nm (s.e.m.) from both experiments in Fig. 2a and b. This value is consistent with j 0 5 0.2 nm 6 0.02 nm (s.e.m.), determined from light scattering experiments 18 . The T C values obtained from the fit are 55 6 10 mK (s.e.m.) and 234 6 5 mK (s.e.m.), lower than the values experimentally determined in the corresponding experiments summarized in Fig. 2a and b , respectively. We attribute these differences to the difficulties in inferring the absolute value of T C from the scattering intensity.
We also extended our measurements to binary mixtures that are far from their critical composition, where critical Casimir forces become negligible 11 . For small deviations from the critical lutidine mass fraction c C L , the temperature dependence of the forces between particles and surfaces is predicted to be almost identical to the temperature dependence documented in Fig. 2 (ref. 11) . This is in agreement with our observation that measurements for lutidine mass fractions in the range 0.26 , c L , 0.32 and using (1 1) boundary conditions yield potential curves similar to those shown in Fig. 2c (data not shown). During these experiments, we observe no evidence for wetting phenomena, which are strongly suppressed by the curvature of the spherical particle 19 . However, measurements for c L v * 0:2 result in markedly different potentials. Figure 3 shows the particle-wall interaction potentials measured at several temperatures below but near the demixing line, for a system with (1 1) boundary conditions and c L 5 0.2. Between 307.31 and 307.36 K, the potentials change very little and are well described by equation (1) . But a further increase in temperature by 20 mK results in a sudden shift in the interaction potentials, with a narrow and steep potential well developing close to the surface. Further slight increases in temperature localize the particle even closer to the surface. Such an abrupt change in the particle-wall interaction potential strongly contrasts with the gradual increase of critical Casimir forces over a broad temperature range (compare with Fig. 2c , where Casimir forces increase gradually over a 150 mK temperature range). We note that when using a system with (1 1) boundary conditions, these abrupt potential changes are only observed on the lutidine-poor side of the phase diagram. In the case of hydrophilic particles and walls ((2 2) boundary conditions), we obtain potential curves similar to those in Fig. 3 when c L $ 0.4. We attribute the instantaneous snapping of the particle towards the wall to the formation of a liquid bridge that spans the particle and the wall and that is formed by one component of the binary mixture. Our observation that bridge formation occurs only on the side of the phase diagram where the mixture is poor in the component that is being preferentially adsorbed by both surfaces is in agreement with theoretical predictions 20, 21 , which indicate that under those conditions surface contributions to the free energy become sufficiently important that the system minimizes its interfacial energy by bridge formation (see also the inset in Fig. 3 ).
Our results demonstrate that intriguing opportunities for influencing soft matter systems arise when using solvents near their critical point, where critical fluctuations actively contribute to the interactions between suspended objects. The fundamental nature of these fluctuations ensures that in contrast to interactions such as electrostatic forces, critical Casimir forces exhibit a striking temperature dependence that offers control over the phase behaviour of suspended objects through minute changes in temperature. This feature may lead to new uses of colloids as model systems. And considering that repulsive critical Casimir forces can be generated for any material by suitable surface treatments, we envisage that critical Casimir forces might also find use in micro-electromechanical systems where stiction (static friction) due to attractive quantumelectrodynamical Casimir forces causes device failure 22 . The potentials exhibit an abrupt change such that a narrow minimum close to the wall develops, which is interpreted as the formation of a liquid bridge, rich in the preferred component of the mixture, between the particle and the wall, as indicated in the inset.
